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Outline

 Time dependent/pump-probe spectroscopy

 Nonequilibrium phenomena and decay 

Spin crossover systems: Fe and Ru complexes

 Dynamic spectroscopy on ruthenate complexes
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• Solar cells, energy conversion 

• Bond breaking, water and hydrogen conversion, 

photosynthesis

• Photoinduced magnetism, demagnetization

Why nonequilibrium physics
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Pump-probe spectroscopy

Stamm et al.



Fe spin cross over complexes
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Fe spin crossover complexes
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1607 cm-1=199 meV=20.8 fs



Lattice transitions
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238 cm-1=29.5 meV=140 fs
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Photoexcitation with visible light: transition from metal to ligand

Since ligands not connected: localization on one of the bpy
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We can connect the Ru-complex to, for example, TiO2

Photoexcitation leads to a interfacial electron transfer

Into the conduction band of TiO2
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Can we calculate spectroscopy and make discriminating

tests for different theoretical scenarios?

1. We do not understand the mechanism to go from singlet to 

triplet MLCT states in Ruthenium complexes

2. We do not understand much about dynamical spectroscopy 
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Transient-state spectroscopy

Measure XAS in a metastable excited states

What has been done so far?
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After excitation (50 ps)

Before excitation

Typical atomic calculation

Note, the spectrum after excitation is not really an excited state

But starts from a 3d5 ground state 
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Conventional static/ground-state 

spectroscopy
Transient/metastable-state

state spectroscopy

2000-2010
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Transient/metastable-state

state spectroscopy
Dynamic/nonequilibrium

spectroscopy



Questions:
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1. We do not understand the mechanism to go from singlet to 

triplet MLCT states in Ruthenium complex

2. We do not understand much about dynamical spectroscopy 

 Why does a photo excitation cause such a rapid decay?

 Why does the decay occur into states that are significantly different in 

spin, but sometimes also orbital and metal-ligand distances?

Let us go back to Fe complexes which are better understood



Why change in spin

 In a local octahedral surrounding, addition of local phonons does not 

cause a coupling of the (t2g)
6  and (t2g)

4(eg)
2 to other configurations

 We need terms in the Hamiltonian that do not diagonalize in the same 

fashion as crystal fields and the local phonons. This can be the spin-orbit 

coupling, but also off-diagonal Coulomb terms or band effects

 The spin-orbit coupling can convert t2g electrons into eg electrons. To go 

from (t2g)
6  to (t2g)

4(eg)
2 we need two steps.
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Coupling between phonon continua
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Suppose little change in initial photoexcitation, but major 

lattice change in coupling between states 1 and 2



Hamiltonian
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Typical Fe-N stretching mode

Typical spin-orbit coupling parameter

Displacement of a few tenths of Angstrom

coupling

Spin-orbit coupling at transition metal

Energies of states     energies of local         coupling between electrons              

vibronic stretching mode    and stretching mode



Two states and a local phonon
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x

P1



Two states and a local phonon: recurrence effects
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No decay, but oscillation
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Why don’t we observe decay?

• There are only a finite number of excited vibrational states

• The dephasing is incomplete so we observe a recurrence

• The system does not loose energy and keeps oscillating

We want to damp the oscillation of the local vibronic mode



Transition between two states
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Introduced irreversibility

• “Continuum” of phonon states

• Loss of energy due to damping oscillations

• Irreversibility



Types of intersystem crossing
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Fast dephasing:

This can be viewed as an effective density of states
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Optical spectroscopy:
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Much less
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We cannot bridge the energy to 5T2 on in less than a picosecond
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Cascading phenomena

• Ultrafast spin transitions occur in the metal-to-ligand charge-

transfer (MLCT) states

• Intersystem crossing from MLCT to metal-centered quintet 

state on larger timescale



No decay, but oscillation

• No “Continuum” of phonon states since singlet and 

triplet have the same metal-ligand distance

• Would form an effective j

(t2g )3(t2g )2L

(t2g )2(t2g )3L

• Crystal field is much larger, so increase in crystal field 

due to converting t2g to eg not compensated by Hund’s 

Coulomb exchange

What’s the problem with the ruthenium complexes?
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Spin-orbit coupling

Hybridization

(t2g )3(t2g )2L

(t2g )2(t2g )3L

(t2g )2(t2g )3eg
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Cascading phenomena

effectively



Questions:
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1. We do not understand the mechanism to go from singlet to 

triplet MLCT states in Ruthenium complex

2. We do not understand much about dynamical spectroscopy 

 What do we need to add to calculate nonequilibrium spectroscopy

 Can we actually expect changes in the line shape
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Can we see this in dynamic XAS spectroscopy?

Typical atomic calculation

2p spin-orbit 

Coupling

~130 eV

Crystal field

10Dq

Crystal field

10Dq

Ratio

1:4
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What needs to be changed and added?

• The nonequilibrium effects change the ground state 

and final states 

•We need to include the decay as described earlier

• The ligand states need to be included explicitly

• Changes in metal-ligand distance affect the crystal 

field and hybridization

• Spin-orbit coupling not only changes spin but also the 

orbitals

• The metal-centered states need to be included

10Dq’=(r/r’)5 10Dq

V’=(r/r’)3.5 V
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Crystal field 

collapse

broadening
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BR=2                      3

0 300 fs

Sum rules:
Thole and van der Laan

Spin flips lead to a change in L leading to a change in  



Conclusions

 Without terms such as spin-orbit coupling, off-diagonal Coulomb terms, local 

phonon modes cannot couple different configurations with each other.

 Without a strong change in lattice constant, there is no phonon continuum and 

therefore no fast dephasing

 Decay of the phonons modes is essential for irreversibility.

 Showed the nature of the singlet to triplet MLCT crossing in Ru complexes

 The changes have a strong effect on the spectral line shape that are indicative 

of the underlying mechanism
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